Dietary supplementation with concentrates is regarded as an effective strategy to decrease the intensity of methane (CH4) emissions, although it has rarely been evaluated in late lactation dairy cows. The aim of the present study was to investigate the effects of two levels of dietary concentrate supplementation on CH4 emissions and milk production and composition of dairy cows in late lactation. The study was conducted using 24 multiparous Holstein Friesian cows in late lactation (253 ± 18 d in milk), and had a duration of 3 wk, including 2 wk of adaptation to the diet and 1 wk of measurements. Treatments consisted of two levels of concentrate supplementation (4 vs. 8 kg d
INTRODUCTION
Methane (CH4) is a greenhouse gas that absorbs radiation in the atmosphere contributing to climate change. Ruminants release methane into the atmosphere as a consequence of the digestion of feedstuffs in the rumen. Methane released represents a loss of ingested energy for ruminants that can range between 2% and 12% (Johnson and Johnson, 1995) . In the last decades, research in strategies that can mitigate methane emissions from ruminants has intensified. In ruminants, the amount of CH4 emissions released is determined by the amount and composition of feedstuffs ingested (Hristov et al., 2013) .
Supplementation of diets with concentrates are widely used to increase the production of ruminants (Purwin et al., 2016; Ruiz-Albarrán, et al., 2016) , and is regarded as an effective methane mitigation strategy (Martin et al., 2010; Hristov et al., 2013) , in particular, in intensive production systems with over 35% grain inclusion in diets (Sauvant and Giger-Reverdin, 2009 ). Concentrates favor propionate production in the rumen offering an alternative hydrogen sink to methanogenesis, and lower ruminal pH, which in turn inhibits methanogens directly and indirectly, as protozoal inhibition also decreases protozoal-associated methanogenesis (Grainger and Beauchemin, 2011) . In addition, concentrates supply greater amounts of digestible nutrients than roughages, increasing animal productivity, and consequently, decreasing CH4 emission intensity (emissions generated for each kilogram of product), a phenomenon called the "dilution of maintenance effect" (Capper et al., 2009) .
Previous research assessing the effects of moderate levels of dietary supplementation with concentrates (1 vs. 5 kg as-fed, corresponding to 5% and 23% of concentrate in the diet DM, respectively) found no effects on methane yield (g kg -1 DM intake) or intensity (g kg -1 milk yield; Muñoz et al., 2015) of grazing dairy cows. However, increasing levels of concentrate supplementation (2, 4, 6, and 8 kg d
-1 animal -1 as-fed) resulted in decreased methane yield (Jiao et al., 2014) . Most of these studies were carried out on cows in early to mid-lactation. There is a knowledge gap concerning the effects of dietary supplementation with concentrates on enteric methane mitigation in late lactation cows. We hypothesized that levels of concentrate supplementation above 30% of the diet DM would decrease methane yield and intensity in late lactation dairy cows. The aim of this study was to investigate the effects of concentrate supplementation of the diet on enteric methane emissions and milk production and composition of late lactation dairy cows.
MATERIALS AND METHODS
The work was performed at Instituto de Investigaciones Agropecuarias, INIA Remehue (40°31' S, 73°03' W; 65 m a.s.l.), Osorno, Chile, in full compliance with the requirements of the Chilean Law 20380 on Animal Protection and approval of the INIA Animal Ethics Committee.
Animals, experimental design and dietary treatments
Twenty four multiparous (mean parity 3.9 ± 1.9) late lactation Holstein Friesian cows with an average of 253 ± 18 d in milk and an average milk production of 15.2 ± 3.5 kg were used. At the onset of the experiment, average body mass of cows was 597 ± 39 kg with a body condition score of 3.0 ± 0.62, scored on a 5-point scale (Edmonson et al., 1989) . The study took place in autumn during April 2014 and had a duration of 3 wk, including 2 wk of adaptation to the diet and 1 wk of measurements.
The cows were blocked into pairs according to days in milk and milk yield, and within each block, allocated at random to 1 of 2 treatments. Treatments consisted of two levels of concentrate supplementation per day: 4 vs. 8 kg (as-fed) cow -1 . In addition, cows were offered a basal diet of 2 kg DM of grazed grass (measured above 3 cm) animal -1 d -1 , and 8 kg (asfed) of grass hay per animal per day. The concentrate was a commercial pelleted mixture (12.32 Concentrados Cisternas, Osorno, Chile) with an ingredient composition as follows (g kg -1 , as-fed basis): steam-rolled corn (333), ground corn (210), rolled barley (143), wheat bran (133), dried distillers grains with solubles (48), ground beans (47) and rice bran (38), and a standard vitamin and mineral supplement (48). Both the grazed grass and grass hay used in the study were perennial ryegrass-based pasture. The two treatment groups were managed separately throughout the study.
Feeding management and measurements
Diet components were offered independently according to the following feeding management routine: During milking (ca. 06:00 and 16:00 h) the concentrate was fed individually to cows in two equal rations and observations were made to confirm it was not refused. After the morning milking, cows were housed in two group feeding pens (one per treatment) with free stall accommodation and offered the daily ration of grass hay in a large feeding trough per pen (between 07:00 and 10:00 h). Then, cows in each treatment group walked to the grazing paddocks and grazed grass in adjacent paddocks under strip grazing using temporary electric fencing (between 10:00 and 16:00 h). After the evening milking, cows returned to the free stall accommodation for the night with what was left of the allocated grass hay. All cows had free access to fresh water for the duration of the study.
The grazing paddocks had a total area of 6 ha and were subdivided into six sub-paddocks of similar size, three subpaddocks per treatment that were grazed successively. Prior to the experiment, i.e. during the summer, paddocks had been grazed by a non-experimental dairy herd. The pasture was allowed to grow without being grazed for ca. 45 d prior to the study. During the study, treatment groups grazed adjacent grass paddocks that were of similar pre-grazing herbage mass. Cows on both treatments were offered the same target herbage allowance of 2 kg DM animal -1 d -1 . The target herbage allowance was obtained by adjusting the grazing area of each treatment according to their pregrazing herbage mass. The total area was grazed only once during the study and on average cows grazed each sub-paddock between 4 and 6 d, depending on herbage mass. Access to the previous grazing area was restricted through the use of back-fencing. Animal intake measurements are described in the animal measurements section below.
Pregrazing herbage mass was measured once a week using four framed plots of 0.5 m 2 (50 × 100 cm) selected at random in each sub-paddock. In each plot, the herbage was cut to 3 cm using a handheld electric clipper, collected in plastic bags, labelled, and weighed, with a 200-g subsample being oven-dried (60 °C for 48 h) for DM determination. Sward bulk density was calculated on each plot dividing herbage mass by cutting depth, determined through four measurements of herbage height per plot using a rising platemeter (diameter 36.5 cm and 3.0 kg m -2 ; Farmworks, Feilding, New Zealand) before and after cutting. The herbage area allocated daily to each treatment group was adjusted by daily estimates of the pregrazing herbage mass, calculated by multiplying the sward bulk density by the pregrazing sward height minus 3. Pregrazing and postgrazing herbage heights were measured daily for each treatment using a rising platemeter (previously described), with 80 measurements per treatment made at random while crossing in zigzag path across each grazing area.
During the measurement week, four samples of grass hay, seven samples (one per day) of fresh grass per treatment (cut by hand at the postgrazing height of the previous day), and two samples of the concentrate were collected for analysis of chemical composition. All chemical analyses were conducted at Laboratorio de Nutrición Animal y Ambiente, INIA Remehue (Nch-ISO 17025), with the exception of gross energy, which was determined at Laboratorio de Nutrición Animal, Universidad Austral de Chile (Valdivia). Forage and concentrate samples were homogenized, dried at 60 °C for 48 h, ground through a 1-mm sieve and analyzed for DM, crude protein (CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), and ash concentrations according to the procedures outlined by the AOAC (1995). Dry matter digestibility was determined in vitro as by the method of Goering and Van Soest (1970) and metabolizable energy calculated as described by Garrido and Mann (1981) . Gross energy was determined by oxygen bomb calorimetry (Bateman, 1970) . All samples were analyzed in duplicate.
Methane measurements
Individual measurements of enteric methane emissions were conducted using the sulfur hexafluoride (SF6) tracer gas technique (Johnson et al., 2007) . Permeation tubes were filled in June 2013 by the National Institute of Water and Atmospheric Research, New Zealand, and followed the design described by Lassey et al. (2001) . Initial charge of SF6 in the tubes was 2843 ± 90 mg and the calculated lifespan was of 454 ± 138 d. Tubes were calibrated by weighing them twice a week for 10 wk while incubated at 39 °C to produce a linear regression curve. The SF6 release rates were 2.6 ± 0.53 mg d -1 , and ranged from 2.5 to 4.8 mg d -1 . On completion of calibration, tubes were inserted orally into the cows, 6 mo before the first methane measurement. During this period, the cows participated in another methane study carried out between October and November of 2013 (Muñoz et al., 2015) .
For gas-collection, flushed PVC V-shaped canisters (2.5 L) were used. The flushing process involved two cycles of evacuating to 95 kPa, then filling with air, followed by a filling with ultra-high purity N gas. Flow restriction was achieved by means of a stainless-steel capillary tube (ALI5141321, Analítica Weisser, Santiago, Chile) cut to 30 mm length and then crimped using a bench vice until the desired flow was achieved. The pressure inside the canisters before and after sampling was measured using a digital gauge (Extech Manometer Model 407910; RS Components, Santiago, Chile) and recorded. After sample collection, ultra-high-purity N was added to each canister to achieve an over-pressure of ~ 20 kPa with the actual pressure achieved being measured with the same gauge and recorded. After a minimum of 1 h to allow for gas mixture, a sub-sample was taken from the canister using a 23 gauge needle attached to a 50 mL syringe. The first three 30 mL samples were vented to avoid sample contamination. Then, two 30 mL samples were taken and injected into two pre-evacuated glass vials with double-sided septa for later analysis.
Background concentrations of SF6 and CH4, both in the free stall accommodation and grazing paddocks, were sampled using mobile canisters. These canisters were transported by two additional cows per treatment group that did not have an SF6 permeation tube deployed in the rumen, and the inlet of their sample collection tubing was located behind their heads toward their back. Background concentrations were averaged per treatment to give a single estimate for all cows.
Gas samples were analyzed in duplicate using a gas chromatograph (Perkin Elmer Clarus 600; Waltham, Massachusetts, USA). Samples were manually injected through a 1-mL sample loop at a flow rate of 1 mL min -1 using He as the carrier gas. The CH4 column was an Elite-PLOT Q (30 m × 0.32 mm ID × 10 μm, Perkin Elmer) and detection was by a flame ionization detector operated at 250 °C. The SF6 column was a fused silica PLOT column RT Msieve 5 A (15 m × 0.25 mm ID × 50 μm, Restek, Bellefonte, Pennsylvania, USA) and detection was by an electron capture detector operated at 300 °C. The operating temperatures of the injector and the oven were 100 and 50 °C, respectively.
Animal measurements
Throughout the study, individual milk yields were recorded automatically using DeLaval Alpro milk metering system (MM15; DeLaval International, Tumba, Sweden). On two consecutive days of the measurement week, milk samples proportional to milk weight were collected during am and pm milking, preserved with bactericide 2-bromo-2-nitropropane-1,3-diol (bronopol, Surcell S.A., Buenos Aires, Argentina) and stored at 4 °C. Composite samples were obtained by mixing the am and pm milking samples. Composite samples for each cow were analyzed for fat, protein, lactose, and milk urea nitrogen concentrations using infrared spectroscopy (MilkoScan 4000, Foss Electric, Hillerod, Denmark) at the Laboratorio Calidad de Leche (INIA Carillanca, Temuco; Nch-ISO 17025).
Cow body mass was recorded automatically after every milking, with mean body mass calculated weekly, and body condition score assessed at the beginning and end of the study by three operators using a 5-point score (Edmonson et al., 1989) .
The daily group intake of grazed grass was calculated for each treatment group based on the disappearance of the herbage mass measured pre-and post-grazing (removed herbage) using a raising plate (previously described). Hay group intakes were calculated for each treatment based on the difference between daily offered and refused hay. There were no refusals of grass hay or concentrates during the study. As group intakes do not allow estimating variation among animals, equal intake among animals is assumed, acknowledging that this is evidently not true.
Statistical analyses
The individual animals were considered as the experimental units. The methane data were analyzed by repeated measures analysis using restricted maximum likelihood (REML) with a mixed model, including the random effect of the animal, fixed effects of the treatment and day of measurement, and interactions. Pasture chemical composition, grazing variables, feed intakes, and milk production and composition were analyzed as response variables to the effects of the treatment. All nonsignificant interactions (P > 0.10) were eliminated from the models and the reduced model re-fitted. For the main effects of treatments and interactions, statistical significance was declared at P < 0.05 and tendencies at 0.05 ≤ P ≤ 0.10. The data were analyzed using JMP 12.1.0 (SAS Institute, Cary, North Carolina, USA) statistical software.
On the second day of measurements, one cow was removed from the group due to acute lameness; the absence in the rest of the measurement period was treated as missing data in the statistical analyses.
RESULTS

Feed composition
The chemical composition of the concentrate, grass hay and grazed grass are presented in Table 1 and the estimated chemical composition of the ration is presented in Table 2 . The 8 kg concentrate diet had a numerically higher CP and ME concentrations, and numerically lower neutral and acid detergent fiber concentrations, than the 4 kg concentrate diet.
Pasture measurements
Herbage allowance (P = 0.69), pre-grazing herbage height (P = 0.54), pre-grazing herbage mass (P = 0.67), grazed area (P = 0.90) and herbage removed by cows (P = 0.26) did not differ between the two treatments (Table 3) . However, feeding cows 8 kg of concentrate increased post-grazing herbage height (P = 0.01) and post-grazing herbage mass (P = 0.01) compared to feeding 4 kg of concentrate. Milk production, milk composition and animal performance Concentrate level had no effects on milk production (P = 0.29), milk fat (P = 0.71) or milk lactose (P = 0.49) concentrations (Table 4) . Milk protein concentration tended (P = 0.07) to increase in the cows offered 8 kg of concentrate. Cows offered 8 kg of concentrate tended to increase (P = 0.07) their body mass, with no change (P = 0.50) in body condition.
Feed intake and methane emissions
Cows offered the 8 kg concentrate diet had a numerically higher feed intake and absolute methane production (P = 0.03) than cows fed the 4 kg concentrate diet (Table 5 ). However, methane yield (P < 0.01) and Ym (ratio of heat of combustion in methane released to gross energy intake expressed as percentage) decreased with the 8 kg concentrate level (P < 0.01). Methane intensity (P = 0.80) was not affected by treatments. 
DISCUSSION
Pasture is the main dietary component in dairy production systems of the south of Chile. The present study was carried out in autumn 2014, a season characterized by low precipitation compared to average (precipitations were 32% and 21% lower than average for February and March, respectively; Agromet INIA database: http://agromet.inia.cl), which resulted in low pasture regrowth after the summer months. The lack of fresh pasture available for the study resulted in the inclusion of grass hay as a proxy for fresh forage. This situation is similar to the challenges faced by dairy farmers when pasture is not available and they must include conserved forages in the cows' diets.
Given the limited amount of pasture offered to cows in the present study (< 2 kg cow -1 ), it was not surprising to observe a lack of effects on pasture intake as a response to the amount of concentrate offered. Perhaps more surprising was the lack of effects of concentrate addition to the diet on grass hay intake, particularly for cows fed the high level of concentrate.
Of the ration ingredients, grass hay had the highest NDF concentration and lowest DM digestibility, hence was the ration component most expected to place a constraint on DM intake (Allen, 2014) . Given the lack of feed refusals observed in this study, it appears that cows in both treatment groups were not on an ad libitum feeding condition. The calculated CP concentration in the diet appears adequate for late lactation dairy cows (Moran, 2005) .
Methane emissions
The present study, is one of the first methane measurement studies carried out in Chile. The mean methane yield obtained in this study (22.1 g kg -1 DM) was similar to the methane yield reported for the control treatment of the study by Grainger et al. (2009) DM). The mean methane yield in the present study was also close to the mean value reported by Charmley et al. (2016) for cattle fed predominantly forage diets (20.7 g kg -1 DM) in Australia. The mean Ym obtained in this study (7.0% gross energy intake) was slightly higher than the reference value used by the Intergovernmental Panel on Climate Change (2007) for greenhouse gas inventory purposes (6.5% gross energy intake) and the mean value obtained by Charmley et al. (2016) for cattle on forage-based diets (6.3% gross energy intake).
This study set out to determine the effects of dietary concentrate supplementation level on late lactation dairy cows' methane emissions and milk production. The results indicated that 8 kg d
-1 cow -1 dietary concentrate supplementation decreased methane yield (g kg -1 DM intake) compared to 4 kg concentrate, but methane intensity (g kg -1 milk yield) was unaffected. It is well established that the proportion of concentrate in the diet affects methane production (Martin et al., 2010; Hristov et al., 2013) . Diets based on concentrates with high starch concentration reduce ruminal pH and favor propionate over acetate production in the rumen, a competitive pathway for metabolic hydrogen relative to methanogenesis. This is especially true for diets with concentrate proportions of over 40% (Sauvant and Giger-Reverdin, 2009 ). Yet, when concentrate proportion is lower than 40%, methane yield is less affected. Grass based dairy systems would seldom have levels of concentrate inclusion in the diet DM greater than 40%.
Previous studies have examined the effects of concentrate supplementation to the diet of grazing dairy cow methane emissions. Lovett et al. (2005) compared the effects of 1 vs. 6 kg d -1 cow -1 (as-fed) of concentrate based on fibrous by-products on methane emissions. The authors reported that the higher level of dietary concentrate supplementation increased DM intake, absolute methane production, milk yield, and milk fat and protein concentrations, compared to the lower concentrate level. Methane intensity (expressed per unit of fat corrected milk) tended to decrease with the higher concentrate level and methane yield was unaffected. In a similar study, Muñoz et al. (2015) reported that grazing dairy cows offered either 1 or 5 kg (as-fed) of concentrate had no differences in DM intake, but the higher concentrate level increased daily methane emissions and milk production. Yet, methane yield, and methane emissions intensity expressed as grams of methane emitted per kilogram of energy-corrected milk production, were unaffected by treatments. Another study with grazing dairy cows and a range of concentrate supplementation of between 2 and 8 kg d -1 animal -1 (as-fed), reported no effects of concentrate supplementation on daily methane emissions, but methane yield and intensity decreased with increasing concentrate level (Jiao et al., 2014) . The differences observed in the results of these studies could be related to the amount and nature of the concentrates used. Overall, the methane decreasing effects of concentrate appear to be more marked with high levels of concentrate supplementation to the diet (> 5 kg).
Milk production and animal performance
In the present study, no differences were found in milk yield between the two treatments. This contrasts with the studies described previously, where higher concentrate proportions increased milk production (Lovett et al., 2005; Jiao et al., 2014; Muñoz et al., 2015) . One of the factors that makes those studies different from the present one is the lactation stage of the cows used. We were working with cows with a mean of 253 days in milk at the beginning of the study compared to the 70, 131, and 231 days in milk of the cows from the Muñoz et al. (2015) , Jiao et al. (2014) and Lovett et al. (2005) studies, respectively. Therefore, only Lovett et al. (2005) were working with late lactation cows. Yet, the milk production level of that study (mean of 20.1 kg d -1 ) with grazed grass and concentrates was much higher than the one obtained in this study (mean of 10.1 kg d -1 ). In the present study, the higher concentrate level tended to increase body mass at the expense of milk production, compared to the lower concentrate level. This is consistent with net energy being partitioned towards body accretion rather than milk production in the late lactation cow. In late lactation milk production declines, yet energy requirements are still significant because of pregnancy and the need to increase body condition for the next lactation (Bauman and Currie, 1980; Roche et al., 2009) . The short period of the study (3 wk) may account for the lack of effects on body condition score.
In the present study, the higher concentrate level tended to increase milk protein concentration. Increased energy intake resulted in increased ruminal microbial protein synthesis and glucose supply to the mammary gland sparing amino acids for milk protein synthesis (Palmquist, 1997) .
CONCLUSIONS
A higher level of dietary concentrate supplementation (8 kg) of dairy cows from pastoral systems in late lactation increased daily methane emissions, decreased methane yield and had no effect on methane intensity, compared to a more moderate level of dietary concentrate supplementation (4 kg). These results disprove the hypothesis that increasing concentrate inclusion in the diets of late lactation cows grazing pasture supplemented with hay decreases methane absolute emissions or emissions intensity. Dietary supplementation with concentrate is not an effective strategy to mitigate methane emissions intensity of grazing dairy cows in late lactation.
